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ABSTRACT

Latch-mediated spring actuation (LaMSA) is used by small organisms
to produce high acceleration movements. Mathematical models
predict that acceleration increases as LaMSA systems decrease in
size. Adult mantis shrimp use a LaMSA mechanism in their raptorial
appendages to produce extremely fast strikes. Until now, however, it
was unclear whether mantis shrimp at earlier life-history stages also
strike using elastic recoil and latch mediation. We tested whether
larval mantis shrimp (Gonodactylaceus falcatus) use LaMSA and,
because of their smaller size, achieve higher strike accelerations than
adults of other mantis shrimp species. Based on microscopy and
kinematic analyses, we discovered that larval G. falcatus possess the
components of, and actively use, LaMSA during their fourth larval
stage, which is the stage of development when larvae begin feeding.
Larvae performed strikes at high acceleration and speed (mean:
4.133x10° rad s72, 292.7 rad s~'; 12 individuals, 25 strikes), which
are of the same order of magnitude as for adults — even though adult
appendages are up to two orders of magnitude longer. Larval strike
speed (mean: 0.385ms~") exceeded the maximum swimming
speed of similarly sized organisms from other species by several
orders of magnitude. These findings establish the developmental
timing and scaling of the mantis shrimp LaMSA mechanism and
provide insights into the kinematic consequences of scaling limits in
tiny elastic mechanisms.

KEY WORDS: Latch-mediated spring actuation, Mantis shrimp,
Larvae, Elastic mechanisms, Power amplification, Stomatopoda

INTRODUCTION

Latch-mediated spring actuation (LaMSA) mechanisms generate
extremely high accelerations in jellyfish nematocysts, trap-jaw ant
mandibles and the raptorial appendages of mantis shrimp (Longo
et al., 2019; Niichter et al., 2006; Gronenberg, 1996; Larabee et al.,
2017; Patek et al, 2004; McHenry et al, 2016). LaMSA
mechanisms achieve their impressive kinematics using motors,
springs and latches that mediate the storage and release of elastic
energy (Longo et al., 2019). Biological LaMSA mechanisms
outperform engineered systems and their study has advanced
understanding of the physics underlying elastic energy storage and
release (Ilton et al., 2018; Olberding et al., 2019; Liang and Crosby,
2020). LaMSA has evolved independently across numerous clades
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and is used primarily by small organisms, when the accelerated
mass is less than a kilogram (Ilton et al., 2018; Sakes et al., 2016;
Sutton et al., 2019).

Mathematical models of LaMSA scaling predict that structures of
smaller size can achieve greater acceleration (Ilton et al., 2018).
Comparisons of LaMSA mechanisms across biology and engineering
confirm these predictions: mechanisms with lower accelerated mass
generate higher acceleration (Ilton et al., 2018). Inherent trade-offs of
muscles and springs lead to LaMSA mechanisms becoming less
efficient at larger scales (Huxley, 1957; Rosario et al., 2016; Ilton
et al., 2018; Sutton et al., 2019). Both frogs and mantis shrimp
transition from spring-actuated movements in smaller species to
muscle-actuated movements in larger species (Marsh, 1994; deVries
et al., 2012). Interestingly, peak speeds of jumping insects occur at
intermediate sizes, with lower values at both larger and smaller sizes
(Ilton et al., 2018; Sutton et al., 2019). Examining performance at the
lower end of LaMSA size helps establish whether smaller sizes limit
spring-actuated mechanisms.

Mantis shrimp (Stomatopoda: Crustacea) offer a particularly
amenable system for addressing the scaling of LaMSA within
species. Adults use a LaMSA mechanism in their raptorial
appendages (second thoracopods) to capture or process prey. Larval
mantis shrimp raptorial appendages are similar in morphology to
those of adults, but are an order of magnitude smaller in length
(Haug et al., 2016; Haug and Haug, 2014; Feller et al., 2013;
Wiethase et al., 2020; Gohar and Al-kholy, 1957; Morgan and Goy,
1987). Mantis shrimp species are commonly categorized as either
smashers or spearers, although many other morphological shapes are
present across the clade (Ahyong, 2001; Caldwell and Dingle, 1976).
Adult smashers tend to be small and use hammer-shaped
appendages to smash open hard-shelled prey, whereas some
spearer species can grow to much larger adult body sizes and use
appendages lined with large spines to capture free-swimming prey
(deVries et al., 2012; McHenry at al., 2016). Smashers and
spearers use a similar LaMSA mechanism to produce fast strikes,
although the large spearing mantis shrimp Lysiosquillina maculata
appears to primarily use muscles rather than springs to actuate
strikes (Claverie and Patek, 2013; Anderson et al., 2014; Anderson
and Patek, 2015; deVries et al., 2012). As for adults, larval mantis
shrimp raptorial appendages are morphologically diverse.
However, regardless of the adult morphotype, larval appendages
do not exhibit the hammer shapes and spines found on the dactyls
of adults (Fig. 1). Instead, larval dactyls are similar to the
undifferentiated dactyls found in adults of the genus Hemisquilla,
which use their appendages to knock limpets off rocks and are
considered basal to the stomatopod clade (Van Der Wal et al.,
2017; Porter et al., 2010; Claverie and Patek 2013).

To produce fast strikes, mantis shrimp use force-modified (long
sarcomere length) extensor muscles in the merus segment of the
raptorial appendage to contract and store elastic energy in the saddle
and meral-V, which are exoskeletal regions of the merus that act as
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an integrated elastic mechanism (Blanco and Patek, 2014; Patek
et al., 2007; Rosario and Patek, 2015). Flexor muscles in the merus
engage two sclerites (modified apodemes) which are braced against
an invagination of the ventral merus exoskeleton and prevent
rotation of the appendage (Burrows and Hoyle, 1972; Burrows,
1969). Shortly after the flexor muscles relax, the system unlatches,
and the striking body (carpus, propodus and dactyl segments of the
raptorial appendage; Fig. 1B) rotates anteriorly (Kagaya and Patek,
2016; Patek et al., 2007).

Comparisons of strike kinematics across mantis shrimp species
reveal that smaller adult mantis shrimp produce higher rotational
velocities and accelerations than larger adults (McHenry et al.,
2016). This observation aligns with the predictions of LaMSA
mathematical models (Ilton et al., 2018). Although the raptorial
appendage morphology of larvae has been documented (Haug et al.,
2016), the kinematics of their strikes has, to our knowledge, yet to
be reported. It is therefore unknown whether larvae use LaMSA
and, if they do, at which larval stage it develops. Here, we examined
LaMSA kinematics and scaling across the substantial size range of
larval and adult raptorial appendages. We reared larval Philippine
mantis shrimp (Gonodactylaceus falcatus; Fig. 1A) and examined
their raptorial appendage morphology using microscopy. Adult
G. falcatus possess smashing raptorial appendages; however,
during their larval stages, G. falcatus have undifferentiated
appendages. In addition to rearing larvae from eggs, we collected
G. falcatus larvae in the field and measured their raptorial
appendage strikes using high-speed video. We compared their
strike kinematics with an existing database of strike kinematics and
morphology across adults of other mantis shrimp species and
compiled a new dataset from the literature of similarly sized
swimming and feeding larvae. We addressed the following
questions. (1) Do larval mantis shrimp use a LaMSA mechanism
and at which larval stage does this mechanism develop? (2) Given
prior predictions of increasing acceleration at smaller sizes in
LaMSA systems, how do the kinematics of mantis shrimp raptorial
strikes scale from larvae to adults? (3) How do larval strike
kinematics compare with the speed of their prey and the locomotion
of organisms of similar scale?

Fig. 1. Larval Gonodactylaceus falcatus use a latch-
mediated spring actuation (LaMSA) mechanism in their
raptorial appendages to produce fast strikes. (A) Lateral
view of larval G. falcatus with anterior to the right of the page.
(B) Raptorial appendages consist of four segments: merus,
carpus, propodus and dactyl. (C) Larval merus morphology
is similar to that of adults: large extensor muscles (red), a
saddle and meral-V (blue), and flexor muscles attached to
sclerites (modified apodemes; purple). These same
components operate as the muscle, spring and latch for the
adult LaMSA mechanism. Images in C show the outlined
regions on the raptorial appendage in B. Black scale bars:
0.5 mm. White scale bar: 250 ym.

MATERIALS AND METHODS

Specimen collection and maintenance

Eggs and freely swimming larvae of Gonodactylaceus falcatus
(Forskal 1775) were collected on Oahu, HI, USA, in June 2019. We
chose larval G. falcatus for this study because we could reliably
collect them during our experiments. Larvae used for
morphological imaging were raised for 28 days from a fertilized
egg clutch that was collected by hand from an adult G. falcatus
female at Wailupe Beach Park, Oahu, HI, USA. Eggs were shipped
to Duke University and hatched en route. Hatched larvae were
distributed between two 2 1plastic containers which were filled with
synthetic saltwater (~27°C, salinity ~30 ppt) and cleaned daily.
Cleaning consisted of a 50% water change and removal of any
waste, molts or dead larvae. The containers were placed on a
variable speed shaker table to keep water moving and to simulate
their natural environment. Once they began feeding, during the
fourth larval stage, larvae were fed 1-2 day old Artemia nauplii
(~25-30 nauplii ml~"). To determine the duration of each larval
stage, 35 live G. falcatus larvae were fixed daily in 4%
glutaraldehyde with 0.2mol1=! PBS and 12% sucrose. To
compare morphology across larval stages, we collected digital
images of the lateral side of the body and raptorial appendages
(2560%1920 pixel resolution; DFC 450 C camera; model 165M FC
microscope; Leica Microsystems Inc., Buffalo Grove, IL, USA).
Each image was embedded with a digital scale bar calibrated using a
0.02 mm stage micrometer.

Larvae that were used for measuring strike kinematics were
collected by suspending underwater lights off boat docks near adult
G. falcatus habitats. Mantis shrimp larvae were identified using
diagnostic morphological characteristics (M.L.P., unpublished
data). Only larvae identified morphologically as G. falcatus were
used in kinematic analyses. The larvae were transported to the
University of Hawai’i at Manoa to film their strikes. During mantis
shrimp development, larvae transition from a propelagic phase
when they remain inside the adult’s burrow, to a pelagic phase when
they swim freely in the water column. Larvae are only positively
phototaxic during their pelagic stages (starting at stage 4 in
G. falcatus). Because larvae were attracted to underwater lights, all
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G. falcatus larvae used for measuring strike kinematics were in their
fourth, fifth or sixth larval stages.

After high-speed imaging was completed, the anterior halves of
individuals were fixed in a 4% glutaraldehyde, 0.1 mol I=! sodium
cacodylate with 0.35 mol I~ sucrose solution and shipped to Duke
University. The posterior halves of individuals were fixed in 100%
ethanol to confirm species identification using established genetic
barcoding methods for larval mantis shrimp (Palecanda et al.,
2020). The posterior halves of individuals were extracted using a
DNeasy Blood and Tissue kit (Qiagen); lysis was performed
overnight at 56°C with gentle agitation, and DNA was eluted from
each column twice into a total volume of 100 ul. DNA extractions
from each individual were quantified using the DNA HS kit with a
Qubit fluorometer, followed by PCR and sequencing using primers
for the 18 s rRNA gene (primers a0.7 and bi — see Porter et al.,
2010). All PCR amplifications used 2% Quick Load Taq (NEB) with
the following thermocycling conditions: initial denaturation of
94°C for 30 s; 50 cycles of 94°C for 20 s, 46°C for 10 s, 72°C for
60 s; final extension at 72°C for 7 min. The 18S PCRs used ratios of
8 ng DNA:0.1 mmol I=! primer, and a total reaction volume of
10 ul. All products were run on a 0.8% agarose gel at 100 V for
20 min. Successful amplifications were cleaned using 1.0-1.2 ul
ExoSAP (1x) and sequenced at the Advanced Studies in Genomics,
Proteomics and Bioinformatics core at the University of Hawai’i.
Species identity was determined using BLAST searches in NCBI
and confirmed by phylogenetic analyses with 18S sequence
databases from Hawaiian mantis shrimp species (M.L.P.,
unpublished data). PCR amplifications of the 18S gene were
successful for only seven of the 12 individuals used in kinematic
experiments (Table 1). All sequences were deposited in GenBank
(accession numbers: MW391490-MW391496).

LaMSA mechanism

At the fourth larval stage, the reared larvae began moving their
raptorial appendages and feeding on Artemia nauplii. Live fourth-
stage larvae (n=2) were placed between a glass slide and coverslip
and filmed under the microscope using a high-speed video camera
(Movie 1; model 165M FC stereomicroscope, Leica Microsystems
Inc.; 703x688 pixel resolution, 20,000 frames s~!, FastCAM SA-Z,
Photron, San Diego, CA, USA). The exoskeleton of larval raptorial
appendages is largely transparent, and thus we were able to visualize
external movements of cuticle and internal movements of muscles
prior to and during raptorial appendage strikes. We captured high-
speed video of two full sequences of elastic loading, latch release
and striking body rotation from two individuals. For one of the
LaMSA sequences, we tracked two points on the lateral extensor
muscle, two points on the saddle and two points on the lateral flexor
muscle over the duration of the strike to approximate the length
change for each element during the strike (Mtrack], v1.5.1;
Meijering et al., 2012; ImageJ v.2.0.0, National Institutes of
Health, Bethesda, MD, USA; Schneider et al., 2012). Tracked
points were placed at the origin and insertion for both the lateral
extensor and lateral flexor muscles as well as the proximal and distal
tips of the saddle (Fig. S1). These elements represent only part of the
mantis shrimp LaMSA mechanism. Because of the transparency of
the tissue and orientation of the appendage, we were unable to
visualize the meral-V, apodeme, medial extensor muscle and medial
flexor muscle during the strike. We compared the timing and
duration of length changes of the extensor muscle, flexor muscle
and saddle with the rotation of the striking body. To calculate strike
rotation, we tracked two points along the merus and two points
along the propodus. Positional data from tracked points were
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converted into length changes and angular displacement using
custom-written R code (v1.1.456, RStudio, Boston, MA, USA;
http:/www.R-project.org/; available from Dryad, doi:10.5061/
dryad.3n5tb2rf7).

To determine whether larvae at the fourth larval stage have a meral-
V, we used scanning electron microscopy. Three fourth-stage larvae
were transferred stepwise to 100% ethanol, and summarily chemically
dried using hexamethyldisilazane (HMDS). Dried larvae were gold
sputter coated (Desk IV, Denton Vacuum, Moorestown, NJ, USA)
and imaged using a scanning electron microscope (Hitachi
TM3030Plus Tabletop SEM, Hitachi Ltd, Tokyo, Japan).

Strike kinematics

Larval strikes (n=25 strikes across 12 individuals, 1-6 strikes per
individual) were visualized using high-speed imaging (1024x1024
pixel resolution, K2 Video Lens, Edmund Optics, Barrington, NJ,
USA; 20,000 frames s~!, FastCAM SA-Z, Photron). Because of
their small size, and in order to position the larvae within the field of
view of the camera, we attached each larva to a custom-designed
platform (Fig. S1A). Each larva was removed from its container,
quickly air dried, and a toothpick was affixed to its carapace using
cyanoacrylate glue. Gluing toothpicks to the shield (carapace)
restrained the larva’s body while still allowing their raptorial
appendages to strike. When the glue was sufficiently dry, the
toothpick and larva were attached to the platform, submerged in
fresh seawater, and illuminated for high-speed imaging (75 W LED,
Varsa Nila, Inc., Altadena, CA, USA). Micromanipulators were
used to bring the larva into focus. Each larva was oriented laterally
to the camera. Defensive strikes were elicited by agitating the larva
with a toothpick (Movie 2).

We performed a kinematic analysis of the strikes. From each
recording, we manually tracked four points along the raptorial
appendage: two points on the propodus segment and two points on
the merus segment (Fig. S2; Mtrack] plugin, v1.5.1, Meijering
et al., 2012; ImagelJ v.2.0.0, Schneider et al., 2012). Point tracking
began just before the onset of propodus rotation and ended when the
propodus reached its maximal extension. A sixth-order polynomial
model was fitted to the rotational data using custom-written R
scripts, and the first and second derivatives (velocity and
acceleration) were calculated from the fitted model (R code
available from Dryad, doi:10.5061/dryad.3n5tb2rf7). Videos were
calibrated using a millimeter-scale ruler filmed in the plane of focus.
To increase the precision of the videos, the ruler was re-calibrated to
0.1 mm using a 0.02 mm scale under a microscope [KR-814 (1x3)
stage micrometer, Klarmann Rulings, Inc., Litchfield, NH, USA].
Angular kinematics were converted to linear kinematics (e.g. speed
and linear acceleration) by multiplying the peak angular kinematics
in radians by the length of the striking body. We measured the
striking body length, defined as the length from the propodus—
dactyl joint to the insertion point of the lateral extensor muscle on
the dorsal surface of the carpus, for each larvae from high-speed
videos. To calculate digitizing error, one random strike was
digitized 10 times. We found that the standard error of the mean
from digitizing constituted 0.3% of the reported rotation
measurement, 0.5% of the velocity measurements and 1.1% of the
acceleration measurements (Fig. S3). The scaling of angular
kinematics (velocity and acceleration) was analyzed in terms of
striking body length, strike duration and strike angular displacement
using ordinary least squares (OLS) regressions in R (v1.1.456,
RStudio; http:/www.R-project.org/).

After filming, each raptorial appendage was surgically removed,
imaged (same microscope setup as above) and weighed using a

microbalance scale (resolution: 1 pg; XPES6 Mettler Toledo,
Pleasant Prairie, WI, USA). This process was repeated for the
striking body (dactyl, propodus and carpus) by removing the merus
from the rest of the appendage. Each mass measurement was
repeated 3 times. During the fixation process, four of the 12 larvae
became disarticulated; therefore, we only report striking body mass
for eight individuals.

Kinematic comparisons

We compared the larval strike kinematics with a previously
compiled dataset of adult mantis shrimp strike kinematics that
were recalculated from the original research papers (McHenry et al.,
2016). The dataset in McHenry et al. (2016) was based on the
maximum kinematics (angular and linear velocity and acceleration)
originally reported from adult Odontodactylus scyllarus (Patek
et al., 2007), Lysiosquillina maculata and Alachosquilla vicina
(deVries et al., 2012), Gonodactylus smithii (Cox et al., 2014),
Neogonodactylus bredini (Kagaya and Patek, 2016) and Coronis
scolopendra (McHenry et al., 2016). Kinematics from adult and
larval mantis shrimp strikes were compared in terms of striking
body length.

Larval G. falcatus strike speeds were compared with the swimming
and feeding speeds (mouth opening speed) of other small pelagic
organisms. We gathered total body length and maximum recorded
speeds from the literature on larval fish (Fisher et al., 2005; Bellwood
and Fisher, 2001; Clark et al., 2005; China et al., 2017), larval
crustaceans (Williams, 1994; Walker, 2004), larval bryozoans
(Wendt, 2000) and larval tunicates (McHenry et al., 2003). We
compared these data with our dataset of larval mantis shrimp strike
kinematics and total body size. We measured total length of the
fourth-stage larval mantis shrimp using digital images from a lateral
view of each larva; total length was defined as the distance from the
anterior tip of the carapace (shield) to the posterior tip of the telson at
the midline.

RESULTS

Larval development

We performed behavioral and morphological observations while
raising larval G. falcatus through all six larval stages (Fig. 2).
During the first two stages, larvae were negatively phototaxic,
preferring to stay aggregated together at the bottom of their tank. At
the third stage, larvae began swimming independently, but
remained negatively phototaxic. During the first three stages,
larvae still possessed yolk sacs and the raptorial appendage
segments had not yet differentiated (Fig. 2). At the fourth larval
stage (days 9-14), larvae exhibited a behavioral and morphological
transition. Larvae began striking and ‘waving’ their raptorial
appendages as they swam through the water; at this stage, larvae
began feeding on Artemia nauplii (determined by orange coloration
of the gut) and fully lost their yolk sac. Larvae in the fifth and sixth
stages were larger than those in the fourth stage, but had similar
body and raptorial appendage shapes. Sixth-stage larvae had larger
spines lining the propodus than in the previous stages.

LaMSA mechanism
At the fourth larval stage, G. falcatus raptorial appendages were
fully differentiated into the merus, carpus, propodus and dactyl
segments. The saddle and meral-V were present on the merus
exoskeleton (Fig. 1). In the merus, large extensor muscles inserted
on the carpus and two flexor muscles connected to internal sclerites.
The sequential activation of the LaMSA mechanism was
determined through digital image analysis of the timing of length
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Stage 1 2 3

Time elapsed
(days)

2-4 5-9

Body length
(mm)

29

3.5

Raptorial
appendage
scaling

Bodgaling mmw h

Propelagic

4* 5 6

9-15

15-22 22-28

Fig. 2. Larval G. falcatus develop raptorial appendages in their early larval stages and possess a fully functional LaMSA mechanism by the fourth larval
stage. During stage 4 (asterisk), larvae begin feeding and enter the pelagic zone (Shanbhogue, 1978) and also transition morphologically to using a

LaMSA mechanism. Time elapsed represents the number of days from hatching (day 0) to the end of our study (day 28). Body length was measured from
the anterior tip of the shield to the posterior end of the telson at the midline. Scale bars: 1 mm.

changes of the lateral extensor muscle and lateral flexor muscle, and
appendage rotation of one strike (Fig. S1). The largely transparent
raptorial appendages enabled visualization of conformational
changes of the internal morphology, including contraction and
relaxation of the lateral flexor and lateral extensor muscles. During
preparation for the strike, the extensor muscle shortened, the saddle
changed length, and the striking body did not rotate (Fig. S1). When
the flexor muscle relaxed (lengthened), the lateral sclerite visibly
slid along the ventral surface of the merus, thereby unlatching the
LaMSA mechanism and allowing the striking body to rotate (Fig.
S1, Movie 1). It should be noted that this analysis was performed on
a relatively fast strike (679.9 rad s!, 12.103x10° rad s~2) compared
with our complete dataset (Table 1), possibly as a result of the
different experimental setup during filming.

Strike kinematics

Striking behavior was similar to previous reports in adult mantis
shrimp. In preparation for the strike, the dactyl and propodus were
flexed toward the merus. The dactyl was then opened until it was
roughly perpendicular to the propodus. The appendage was held in
this position for ~30 ms, until the strike initiated and the striking
body (carpus, propodus and dactyl) rotated towards the target. The
average peak angular velocity from larval strikes was 292.7 rad s~!
(n=25 strikes across 12 individuals, 1-6 strikes per individual).
Average strike speed was 0.385 m s~!. Summary statistics for each
individual are presented in Table 1.

Peak angular velocity and peak angular acceleration were not
statistically correlated with striking body length (1.2-1.4 mm) or
maximum rotation (0.58—1.60 rad). Angular acceleration was not
significantly correlated with strike duration (2.55-23.15 ms). Peak
angular velocity was negatively correlated with strike duration
(slope=—1.5x10%, =-2.92, d.f=10, P=0.015).

Kinematic comparisons

Strike kinematics across mantis shrimp species is associated with
raptorial appendage size (Fig. 3). Larval G. falcatus achieved angular
velocities and accelerations that were in the same range as for smaller
adult spearing mantis shrimp, such as C. scolopendra. Larval angular
kinematics were lower than for the adult smashing mantis shrimp, but

greater than for the largest mantis shrimp species, L. maculata
(Fig. 3A,B). However, the linear speed of larval strikes was an order
of magnitude lower than for adult mantis shrimp (Fig. 3C).

Strikes by mantis shrimp larvae were 5-10 times faster than the
speed of similarly sized larval fish and crustaceans (Fig. 4). During
their development in the laboratory, G. falcatus larvae fed on larval
Artemia nauplii. Their strikes were over two orders of magnitude
faster than previously reported peak swimming speeds of first- and
second-stage Artemia nauplii (Williams, 1994).

DISCUSSION

Larval G. falcatus exhibit LaMSA in their raptorial appendages
(Fig. 1). In one of the spring-actuated strikes we analyzed, large
extensor muscles deformed the merus exoskeleton while the flexor
muscles and sclerites prevented rotation of the striking body. When
the flexor muscles relaxed, the sclerites disengaged, and the striking
body rotated distally (Fig. S1, Movie 1). This sequence of events is
consistent with the presence of a LaMSA mechanism, specifically
the storage and delivery of elastic energy via latch mediation. The
larval LaMSA morphology emerges at the fourth larval stage (~9—
14 days old), when larvae in the wild first enter the pelagic zone and
begin feeding (Fig. 2). Larvae strike with angular velocities and
accelerations that are similar to those of adult spearing mantis
shrimp. However, the peak linear speed of the larval strike is over an
order of magnitude slower than for adults (Fig. 3; McHenry et al.,
2016). Larval strikes were 5—10 times faster than the reported
swimming speeds of similarly sized organisms and two orders of
magnitude faster than the Artemia nauplii the larvae fed on during
our experiments (Fig. 4). Below, we examine these results in the
context of adult mantis shrimp morphology and kinematics and
discuss the implications of scaling and development of LaMSA
mechanisms in biology.

Larval LaMSA morphology is similar to that of adult mantis
shrimp. At the fourth larval stage, G. falcatus have large extensor
muscles, a saddle and meral-V, and flexor muscles attached to
internal sclerites (Fig. 1). We provide an analysis of a strike
sequence in Fig. S1, and include a general description here. In the
larval strike, sclerites embedded in the apodemes of the flexor
muscles prevent the rotation of the striking body when the flexor
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greater than that of the largest spearing adults (N=12 individual larvae; 1-6 strikes per individual). The adult mantis shrimp kinematics represent maximum values

from each individual within each species (data from McHenry et al., 2016).

muscles are contracted. As the extensor muscles in the merus
contract, the saddle and merus exoskeleton deform. When the flexor
muscles relax, the paired sclerites slide distally, allowing the
striking body to rotate forward and the saddle to recoil (Fig. S1). In
the adult LaMSA mechanism, the saddle and meral-V comprise the
elastic mechanism (Rosario and Patek, 2015; Zack et al., 2009,
Patek et al., 2004) and release of elastic energy is mediated by the
paired flexor muscles and internal sclerites (Burrows, 1969; Patek
et al., 2007; Kagaya and Patek, 2016). The similarities between the
larval and adult LaMSA sequences suggest that the saddle stores
and releases elastic energy in the larval raptorial appendage as well.
The dynamics of this tiny elastic mechanism, specifically how it
delivers energy to the larval rotation at these scales, is an exciting
future direction for this research.

Development of the LaMSA morphology in G. falcatus occurs as
larvae transition to the pelagic zone, which coincides with the loss
of the yolk sac and subsequent onset of feeding. Prior studies of
larval G. falcatus development showed that when larvae transition
to their fourth stage, they exhaust their yolk sac and transition to the
pelagic zone (Gohar and Al-Kholy, 1957; Shanbhogue, 1978).

Here, we support those findings and further show that this pelagic
transition includes the development of LaMSA morphology.
Developmental series have been examined for several mantis
shrimp families: Gonodactylidae (Morgan and Goy, 1987;
Provenzano and Manning, 1978), Squillidae (Diaz, 1998; Hamano
and Matsuura, 1987; Morgan and Provenzano, 1979; Pyne, 1972) and
Tetrasquillidae (Greenwood and Williams, 1984). Regardless of the
family, all stomatopod species transition from a propelagic stage to a
pelagic stage at some point during their development and
morphological drawings of these transitions show large, fully
developed raptorial appendages that emerge at, or before, this
transition (Pyne, 1972; Morgan and Goy, 1987, Hamano and
Matsuura, 1987). The presence of larval raptorial appendages across
the phylogeny of mantis shrimp suggests that G. falcatus is not unique
among mantis shrimp and that other larvae likely possess a LaMSA
mechanism. However, larval mantis shrimp size and shape are as
diverse as those of their adult counterparts (Haug et al., 2016). Further
research on the diversity of LaMSA mechanisms within mantis
shrimp larvae will be important to establish whether spring actuation
is found during this life history stage in other mantis shrimp species.
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We did not find a strong scaling relationship between strike
kinematics and size within larvae; however, the size range of their
striking body (1.2—1.4 mm) through these stages of development is
so small that differences due to scaling may not be detectable or
relevant. Strike kinematics have not yet been measured in adult
G. falcatus. Across species, however, smaller adult mantis shrimp
produce higher angular velocities and accelerations than larger
adults (McHenry et al., 2016), and adult smashing mantis shrimp
species produce faster kinematics than similarly sized spearing
mantis shrimp species (McHenry et al., 2016). Adult G. falcatus are
a relatively small smashing species, similar in body size and
ecological niche to N. bredini and G. smithii, which have the fastest
strike kinematics measured within mantis shrimp (Kagaya and
Patek, 2016; Cox et al., 2014). Larval G. falcatus strike angular
velocity and acceleration are similar to those of C. scolopendra, one
of the smaller adult spearing mantis shrimp species (Fig. 3A,B;
McHenry et al., 2016). Angular velocity, angular acceleration and
linear acceleration are all highest in the intermediate size range
across mantis shrimp species. The linear speed of the larval
G. falcatus strike is an order of magnitude slower than that of adults
(Fig. 3C; McHenry et al., 2016; deVries et al., 2012). By this metric,
the larval kinematics are impressive for a small pelagic organism,
but less impressive when compared with those of small adult mantis
shrimp. There are several potential reasons why larvae strike more
slowly than adults, such as scaling limitations due to their
biomechanics (e.g. fluid interactions and LaMSA) or their
behavioral ecology in a pelagic environment.

Like many small planktonic organisms, mantis shrimp larvae
primarily operate in low to intermediate Reynolds numbers
(Re; Daniel et al., 1992; McHenry et al, 2003). The Re is
dependent on the organism’s size and speed, and quantifies the
relative viscous and inertial fluid forces (Vogel, 1981). The peak Re
of the larval G. falcatus strikes ranges between 123 and 1649, which
places larvac in an intermediate Re regime. Given that these
appendages operate at intermediate Re, they likely experience both
viscous and inertial fluid forces such as skin friction, form force and
the acceleration reaction (McHenry et al., 2003), all of which

T 3 Styelidae

20

= Tetrapontidae

decelerate movement and would potentially limit the kinematics of
larval strikes.

Another limit to larval strike kinematics likely arises from the
scaling of muscle—spring systems. Smaller muscles produce lower
force than larger muscles and smaller springs deform smaller
distances than larger springs. If the spring maintains its stiffness
across size, the muscle would be challenged to deform the spring at
small scales, as a result of the scale dependence of muscle force. If
spring stiffness were instead lower in a smaller animal, then the
system would have less capacity for elastic energy storage (Rosario,
et al., 2016). Additionally, if spring stiffness were invariant with
size, then the likelihood of fracture or breakage of the spring would
be greater in a smaller structure (Ilton et al., 2018). Smaller
organisms might exhibit lower spring stiffness such that the system
can be loaded with less risk of failure, yet this ultimately limits
stored energy and thus reduces the kinematic output. Further work
on the ontogeny of spring stiffness in the mantis shrimp system, as
well as other LaMSA mechanisms, will illuminate how small,
ultrafast movements have evolved to navigate these muscle—spring
tradeoffs.

Adult mantis shrimp LaMSA mechanisms have multiple uses,
including prey capture (deVries et al., 2012), prey processing (Crane
et al., 2018), and intraspecific or interspecific competition
(Caldwell and Dingle, 1976). Adult mantis shrimp vary the
kinematics of their strikes depending on the behavioral context
(Green et al., 2019). Early work on larval stomatopod morphology
and development suggested that the raptorial appendages are used
for prey capture (Morgan and Goy, 1987). Given that the
appendages are fully developed when larval G. falcatus begin
feeding, larvae likely use raptorial appendage strikes for prey
capture or prey processing when in the wild, even though our study
exclusively examined defensive strikes. Using spring energy to
enhance mechanical power output and increase strike speed relative
to a muscle-driven strike may enable the larvae to impale prey,
rather than pushing the prey further away as a result of fluid
boundary layers. Because of the need to mount the animals under a
microscope to image these movements, we were unable to film
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natural feeding strikes and behavior using high-speed imaging.
Further investigations of freely moving and feeding animals,
coupled with fluid dynamic modeling, are necessary to establish
the role of fluid interactions on the ability of these larvae to impact
and capture planktonic prey.

While larval strikes have a slower linear speed than the fastest
adult mantis shrimp, they are still impressive for a 4 mm long
pelagic organism. Larval G. falcatus achieve strike speeds that are
5-10 times faster than the peak swimming speeds of similarly sized
organisms, and over 150 times faster than the Arfemia nauplii that
the larvae fed on in our experiments (Fig. 4; Table S1). At the fourth
larval stage, lab-raised G. falcatus fed on Artemia nauplii as well as
other larval G. falcatus (J.S.H., personal observation). Although
larval G. falcatus do not naturally feed on Artemia, they are able to
capture and feed on prey of similar size. Other planktivores, such as
larval fish, are often unsuccessful during feeding attempts because
of fluid boundary layers (China et al., 2017) or prey escape behavior
(Robinson et al., 2019). Based on these comparative data and their
Re regime, larval mantis shrimp strikes may be sufficiently fast to
capture planktonic prey (Fig. 4). Further research should incorporate
additional data on the escape speeds of small pelagic organisms that
might exceed the swimming and feeding speeds reported here. For
example, copepod rapid escape responses can reach similar speeds
to larval mantis shrimp strikes (of the order of 10> mm s~!; Fig. 4;
Bradley et al., 2013). In addition, it should be noted that most prior
studies on pelagic larval swimming used video frame rates much
lower than those used in this study, and therefore may have
underestimated the actual swimming speeds at these scales. Adult
smashing and spearing mantis shrimp both have wide diets that
include hard-shelled and soft-bodied prey, though smashers
consume a greater proportion of hard-shelled prey and spearers
prefer soft-bodied evasive prey (deVries, 2017). The relationship
between mantis shrimp strike kinematics and the swimming speeds
of their potential prey is an interesting area for future study.

Larval mantis shrimp offer a novel system not only to resolve
ongoing questions about the mantis shrimp LaMSA mechanism but
also to address fundamental questions about spring—latch dynamics
and the scaling of elastic mechanisms in biology. In adult mantis
shrimp, the four-bar linkage mechanism in the raptorial appendage
responsible for transmission of elastic energy into rotation of the
striking body may also act as a geometric latch —a latch that restricts
behavior based on geometric configuration rather than a physical
obstruction (Patek, 2019; Longo et al., 2019). The transparency of
the larval merus enables visualization of energy transfer between
elastic elements and the role of the internal sclerites. The timing of
sclerite release in relation to the onset of rotation may ultimately
reveal whether the linkage mechanism acts as a secondary latch.
This transparency also allows measurements of latch morphology
and the kinematics of latch disengagement is key for estimating
energetic losses during latch release.

Larval mantis shrimp may be one of the smallest known
repeatable LaMSA mechanisms in biology (Longo et al., 2019;
Longo et al., 2021; Niichter et al., 2006; Sakes et al., 2016). An
emerging boundary of small, fast and repeatable biological LaMSA
systems includes snapping amphipods (Longo et al., 2021),
jumping nematodes (Campbell and Kaya, 1999), trap-jaw ants
(Larabee et al., 2018) and termites (Seid et al., 2008). LaMSA
systems that are smaller and have higher accelerations self-destruct,
such as in nematocysts (Niichter et al., 2006). Further research on
these small repeatable mechanisms will help biologists and
materials scientists understand the scaling and material limits to
elastic energy storage.

Conclusions

This study establishes the development and kinematics of the larval
mantis shrimp raptorial appendage strike. These strike kinematics
are comparable with the strikes of adult mantis shrimp which have
raptorial appendages that are one to two orders of magnitude longer
than the larval appendages. The morphology needed to store elastic
energy emerges at the larval stage when feeding begins. Their
LaMSA mechanism likely enables them to achieve strike speeds far
exceeding the escape speeds of their prey and to transition out of
the viscous realm and into the inertial realm such that they can
impact and impale their tiny prey (Niichter et al., 2006; Hamlet
et al., 2020). These findings yield insights into the scaling and
development of LaMSA and establish a novel transparent and
repeatable LaMSA system to explore the dynamics of elastic
energy storage and release.
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